Background/Aims: Acquired as well as inherited channelopathies are disorders that are caused by altered ion channel function. A family of channels whose malfunction is associated with different channelopathies is the Kv7 K + channel family; and restoration of normal Kv7 channel function by small molecule modulators is a promising approach for treatment of these often fatal diseases. Methods: Here, we show the modulation of Kv7 channels by the natural compound Rottlerin heterologously expressed in Xenopus laevis oocytes and on iPSC cardiomyocytes overexpressing Kv7.1 channels. Results: We show that currents carried by Kv7.1 (EC 50 = 1.48 μM), Kv7.1/KCNE1 (EC 50 = 4.9 μM), and Kv7.4 (EC 50 = 0.148 μM) are strongly enhanced by the compound, whereas Kv7.2, Kv7.2/Kv7.3, and Kv7.5 are not sensitive to Rottlerin. Studies on Kv7.1/KCNE1 mutants and in silico modelling indicate that Rottlerin binds to the R-L3-activator site. Rottlerin mediated activation of Kv7.1/KCNE1 channels might be a promising approach in long QT syndrome. As a proof of concept, we show that Rottlerin shortens cardiac repolarisation in iPSC-derived cardiomyocytes expressing Kv7.1.Conclusion: Rottlerin or an optimized derivative holds a potential as QT interval correcting drug.
Introduction
Ion channels control the specificity, timing, and extend of ion passage across cellular membranes. Cation-selective channels control several physiological processes such as the membrane potential and excitability of single cells and tissues, ion homeostasis, cell volume, vesicle trafficking, as well as neurotransmitter and hormone secretion. Therefore, it is not surprising that dysfunction of cation channels results in a variety of pathophysiological conditions. K + -selective channels are the genetically and functionally most diverse family of cation channels, and many therapeutically relevant drugs mediate their effects by targeting K + channels [1] .
Members of the voltage-gated delayed rectifier Kv7 family of K + channels are expressed in brain, heart, thyroid gland, pancreas, inner ear, muscle, stomach and intestine. These channel proteins are required for maintenance of diverse body functions [2] . Mutations in four out of five KCNQ genes (KCNQ1-5) that encode for K V 7.1-K V 7.5 have been associated with inherited channelopathies. Mutations in KCNQ1 cause cardiac arrhythmia in long QT (LQT) or short QT (SQT) syndromes with or without deafness [3, 4] and epilepsy [5] . The channels may be involved in diabetes [6, 7] and thyroid gland disorders [8, 9] . KCNQ2 and KCNQ3 mutations cause benign familial neonatal epilepsy (BFNS) [10] [11] [12] . Finally, mutations in KCNQ4 underlie congenital deafness and possibly hypertension [13, 14] . Consistently, all known disease-causing mutations in Kv7.1-4 alter the function of the respective channel isoform [14] [15] [16] [17] [18] , leading to changes in membrane potential and excitability. However, no disease has so far been directly related to mutations in the KCNQ5 gene and Kv1.5 channel, respectively. Because Kv7 channelopathies result from altered Kv7 channel function, pharmacological targeting of K V 7 channels represents an attractive approach for treatment of the diseases. Particularly, activation of K V 7 channels by derivatives of channel agonists like retigabine, R-L3, NH29, Tanshinone IIA, hyperchlorphene, PBA, ML277, and BMS-204352 may be useful for treatment of hypertension, cardiac arrhythmia, impaired hearing, epilepsy, and incontinence. In 1998, the first highly potent and selective Kv7.1 activator, R-L3, was developed [19] . R-L3 is a gating modifier that decreases the rate of channel deactivation and, moreover, increases macroscopic current amplitudes by a mechanism independent of the effect on the gating kinetics [20] . R-L3 shortens action potential duration and suppresses early afterdepolarizations in ventricular myocytes isolated from hypertrophied rabbit hearts. Based on a drug-induced LQT model, R-L3 can be expected to be beneficial in forms of iLQTS and aLQTS [21] . Further, R-L3 activates most of the LQTS-associated mutant channels [20] . However, one Kv7.1 mutation is reported to disrupt R-L3 binding and, thereby, channel activation [20] . Recently, further Kv7.1 activators have been described [22] [23] [24] [25] . Potent activators of Kv7.4 include BMS-204352 [26] , but often lack selectivity. In the heart and the inner ear, Kv7.1 and Kv7.4 channels may associate with the ß-subunits KCNE1-5 [27] that modulate the drug sensitivity of heteromeric Kv7/KCNE channel complexes [20, 28, 29] .
Here, we report the activation of heterologously expressed Kv7.1, Kv7.1/KCNE1 and Kv7.4 channels by Rottlerin. Rottlerin -also known as Mallotoxin -is a naturally occurring chemical that is obtained from the flower dust of the capsule fruit of the tree Mallotus phillippinensis. Mallotoxin was patented in 2006 for the therapy of hypertension (patent WO/2006/060196). Finally, we show that Rottlerin-mediated activation of Kv7.1/KCNE1 in iPSC-derived cardiomyocytes alters cardiac repolarisation.
Materials and Methods

Molecular Biology
Molecular biological procedures were performed as described before [27, 29, 30] . Briefly; human Kv7.1 (NM_000218.2, variant 1), human KCNE1 (NM_000219.3), rat Kv7.2 (AF087453), human Kv7.3 (AF033347), human Kv7.4 (AF105202) and human Kv7.5 (AF249278) were subcloned into the oocyte expression vectors pSGEM, pTLN, pSP64 or pXOOM. The vectors were digested using adequate restriction enzymes for linearization and in-vitro synthesis of cRNA was performed with SP6 or T7 mMessage mMachine kit (Thermo Fisher, Darmstadt, Germany).
Electrophysiology
Stage V Xenopus laevis oocytes were obtained by EcoCyte Bioscience (Castrop-Rauxel, Germany). Oocyte handling was performed as previously described [27] . The oocytes were injected with 40 -60 nl of cRNA solution. Oocytes were injected with 4 ng of Kv7.x cRNA alone or with 3 ng Kv7.1 plus 3 ng of KCNE1 cRNA. The oocytes were stored for 3 -4 days at 17°C in Barth's solution (88 mM NaCl, 1.1 mM KCl, 2.4 mM NaHCO 3 , 300 µM Ca(NO 3 ) 2 , 300 µM CaCl 2 , 800 µM MgSO 4 , 15 mM HEPES-NaOH, Streptomycin sulfate (20 mg/l), Penicillin-G (31 mg/l) and Gentamycin (50 mg/l), pH 7.6). Standard TEVC recordings were performed at about 22°C using a Turbo Tec-10CX amplifier (NPI electronic, Tamm, Germany) linked by a Digidata 1322A interface to an IBM compatible computer running the software pCLAMP 8.0 (Axon Instruments Inc./ Molecular Devices, Sunnyvale CA, USA). Recordings were analyzed using software packages ClampFit 8.0 (Axon Instruments Inc. / Molecular Devices, Sunnyvale CA, USA) and Origin 7.0 (Additive, Friedrichsdorf, Germany). Recording pipettes were filled with 3 M KCl and had resistances of 0.5 -1.5 MΩ. Potassium channel currents were recorded in ND96 recording solution (96 mM NaCl, 4 mM KCl, 1.8 mM MgCl 2 , 1.0 mM CaCl 2 , 5 mM HEPES; pH 7.6). Rottlerin was purchased from Enzo life sciences (Cat. No. ALX-350-075, Lörrach, Germany). All other reagents where obtained from Sigma-Aldrich (Steinheim, Germany). Rottlerin was freshly prepared before every experiment from a 1 mM or 10 mM DMSO stock solution. Control Patch Clamp recordings were done using automated Patch Clamp using the Patch-liner (Nanion).
IPSC derived cardiomyocytes
Generation and handling of Kv7.1 over-expressing cardiomyocytes have been described before [31] . Here, we utilized the identical protocol and 2 weeks old beating Kv7.1-EGFP expressing cardiomyocytes. Cardiomyocytes were plated on MEA chips. Rottlerin (2 µM or 5 µM) was directly applied and the signal of several electrodes was averaged to generate ECG-like field potential recordings as described before [31] .
Data analysis
The current-voltage relationship was analyzed at the end of the depolarization. Current amplitudes were plotted vs. the respective depolarizing voltage. The conductance/voltage curves were constructed by plotting the initial (determined ~5 ms after the end of the test pulse) normalized tail current amplitudes (I tail ) versus the respective test potential. These curves were fitted to a Boltzmann equation of the form:
is the voltage of half-maximal activation; k is the slope factor; V is the voltage of the test pulse; A 1 and A 2 are the maximal and minimal current amplitudes respectively.
Data were tested for significance using Student's t-test and ANOVA, and results with p < 0.05 were considered statistically significant.
Results
Rottlerin activates Kv7.1, Kv7.1/KCNE1 and Kv7. 4 We studied the action of Rottlerin on heterologously expressed Kv7 channels. To this end, we expressed Kv7.1, Kv7.2, Kv7.2/Kv7.3, Kv7.4, and Kv7.5 in Xenopus laevis oocytes, which gave rise to characteristic currents (Fig. 1B) . Rottlerin (30 µM) enhanced outward currents (at 40 mV) carried by Kv7.1 and Kv7.4 by 30.8 +/-3.16 % and 29.4 +/-3.38%, respectively (Fig. 1B, C) . In contrast, currents carried by Kv7.2/7.3 heteromers, Kv7.2, and Kv7.5 were similar in the absence and presence of Rottlerin. In the heart and the inner ear (stria vascularis), Kv7.1 forms heteromeric channel complexes with KCNE1 to conduct the native I Ks . KCNE1 modulates the pharmacology of Kv7.1 [29] . Therefore, we tested the action of Rottlerin on Kv7.1/KCNE1 heteromers. Currents carried by Kv7.1/KCNE1 were enhanced by 33 +/-2.24%, demonstrating the sensitivity to Rottlerin is preserved in the heteromeric channel (Fig. 1B, C) . The drug enhanced the currents in a dose-dependent fashion (Fig. 2) , and analysis of the dose-response relation using the Hill equation yielded concentrations of half maximal activation (EC 50 ) of 1.48 µM, 4.8 µM, and 0.148 µM for its action on Kv7. (Fig. 3 , Table 1 ). In contrast, Rottlerin did not shift the voltage-dependence of Kv7.4, indicating a different mode of action (Fig. 3, Table 1 ).
Rottlerin may bind to Kv7.1/KCNE1 channels at the R-L3 site
In order to obtain deeper insight into the potentiation of Kv7.1/KCNE1 currents by Rottlerin, we tested whether the drug might also reduce endocytosis and, thereby, increase the number of channels in the plasma membrane (Fig. 4A) . We utilized a mutant Kv7.1 ∆PY channel that cannot be ubiquitinylated and, thus, escapes ubiquitinguided endocytosis [32] . In oocytes expressing the mutant channel, Rottlerin still enhanced currents amplitudes, arguing against that the drug enhances the surface expression (Fig. 4A ). Next, we tested whether the drug binds directly to the channel protein. Residue Kv7.1
Ile337 is positioned in the centre of the R-L3 activator binding site [33] , and Kv7.1 I337V mutant channels are almost insensitive to this Kv7.1 activator. Of note, the Kv7.1 I337V mutant was insensitive to Rottlerin, indicating that Rottlerin interacts with the R-L3 binding site. 
Rottlerin preferentially binds in silico between voltage sensors and the pore domain of Kv7.1 channels
To support this notion, we performed molecular modelling and Rottlerin docking. Rottlerin molecules preferably bind between the Kv7.1 voltage sensors and the outer pore domain, a region overlapping with the R-L3 binding site [33] . To further support the hypothesis of direct Rottlerin binding to the channel, we performed in silico simulations. Automatic docking of Rottlerin to a Kv7.1 and Kv7.1/KCNE1 open channel model using an indexed version of software Autodock identifies several putative binding sites which are exclusively localized outside the pore domain in proximity of the voltage sensor domain (Fig. 4B) . The virtually highest affine docking position for Rottlerin was located at a crevice between voltage sensors and the pore domain (S5-S6 outer face). 3 . Activation of Kv7.1 and Kv7.1/KCNE1 by Rottlerin is associated with altered voltage dependence of activation. Current-voltage relationship and voltage-dependence of activation determined from peak tail currents at -120 mV. Values were normalized to peak currents at +60 mV of Kv7.1 in the absence and presence of of 30 µM Rottlerin (n = 6, ± SEM). Current-voltage relationship and voltage-dependence of activation determined from peak tail currents at -120 mV. Values were normalized to peak currents at +60 mV of Kv7.1/KCNE1 in the absence and presence of 30 µM Rottlerin (n = 8, ± SEM). Current-voltage relationship and voltage-dependence of activation determined from peak tail currents at -120 mV. Values were normalized to peak currents at +60 mV of Kv7.4 with and without application of 30 µM Rottlerin (n = 4, ± SEM). activates the respective Kv7 isoform might be useful for treatment of inherited forms of those disorders [1] . R-L3 has been the first K V 7.1/KCNE1 activator reported, which shortens action potential duration [19] and suppresses early after-depolarizations in ventricular myocytes isolated from canine hearts [21] . The effects of R-L3 on Kv7.1 and Kv7.1/KCNE1 channels are complex, leading to increased current magnitude, mildly slowed channel activation, but dramatically decreased rate of channel deactivation [20] . The more recently identified Kv7.1 and Kv7.4 activators have complex effects on the Kv7 channels [22] [23] [24] [25] [26] , but often lack selectivity. Due to the need of and potential relevance as drug candidates, we searched for additional, new Kv7.1 and Kv7.4 activating compounds.
We identified Rottlerin as a potent Kv7.1 and Kv7.4 activator. Rottlerin is also called Mallotoxin. It is a natural polyphenolic compound isolated from the monkey-faced tree Mallotus phillippensis [35] . It has been reported to uncouple mitochondria [36] . The mitochondrial uncoupling depolarizes the mitochondrial membrane potential and influences mitochondrial production of reactive oxygen species (ROS) [37] . Furthermore, the compound reduces intracellular ATP levels and activates 5'-AMP-activated protein kinase (AMPK) [36] . It has also been reported as an inhibitor of PKCδ [38] , whereas this effect may be indirect [35] . Rottlerin modulates asymmetry of plasma membrane by affecting cellular scramblase [39] , and Rottlerin has been identified as a modulator of the BK and hERG K + channels [40, 41] . In the electrophysiological recordings presented here, Rottlerin was identified as a modulator of Kv7.1 and Kv7.4 channels heterologously expressed in Xenopus laevis oocytes. We could not identify significant Rottlerin sensitivity of Kv7.2, Kv7.2/Kv7.3 or Kv7.5 following application of 30 µM (Fig. 1B, C) .
In the heart and the inner ear, Kv7.1 channels associate with the ß-subunit KCNE1 [27, 42, 43] which impacts on the pharmacological profile of Kv7.1 channel complexes [20, 28, 29] . The sensitivity of these heteromeric channels to Rottlerin was only slightly reduced (EC 50 = 4.9 µM) compared to that of homomeric Kv7.1 (EC 50 = 1.48 µM) (Fig. 2) . These data identify Rottlerin as promising candidate to modulate Kv7.1 and/or Kv7.4 associated channelopathies.
The very high sensitivity of Kv7.4, as well as the moderate sensitivity of Kv7.1 and Kv7.1/KCNE1 suggests Rottlerin as a promising candidate as a scaffold for the generation of highly potent and selective Kv7.1 and/or Kv7.4 activators. In order to gain insights into Rottlerin binding to Kv7.1/KCNE1 channels, we tested Rottlerin effects in mutant channels with disrupted ubiquitin-guided endocytosis (Kv7.1 ∆PY ) [32] or with destroyed R-L3 binding site (Kv7.1 I337V ) [33] . Clearly, only the mutant with disrupted R-L3-activator binding site is insensitive to Rottlerin activation (Fig. 4A) . These data suggest that Rottlerin may bind directly to the channel complex to activate it. In silico simulations and automatic docking of Rottlerin to a Kv7.1 channel model identifies several putative binding sites, which are localized outside the pore domain in proximity of the voltage sensor domain (Fig. 5B) . This position is similar to the R-L3 binding site supporting the idea of direct binding to the R-L3 site. De novo synthesis of the complex polyphenolic Rottlerin molecule has been reported recently [44] . Using such a total synthetic approach will potentially allow for selective modification of e.g. the hydroxyls within the Rottlerin scaffold, which can be tested and may allow for generation of selective compounds with novel and unique pharmacological profiles.
Currently, there is not a single selective Kv7.4 activator with a comparably high potency published. Especially, a high selectivity for Kv7.4 vs Kv7.2/Kv7.3 is desirable to prevent unintended side effects during acute pain processing [45] . Therefore, Rottlerin represents a promising candidate as a tool compound. As Kv7.4 is highly expressed in the inner ear and vestibular organs hair cells, Rottlerin represents a scaffold for generation of potential drug candidates for inner ear/vestibular diseases like tinnitus or vertigo. Further, the Rottlerin scaffold is potentially suitable to generate potent Kv7.1 selective drug candidates. Partial inhibition may be beneficial to treat short QT syndromes and reduce pathological over-activity of I Ks in patients with decreased risk of drug induced LQTS. On the other hand, activation of I Ks may be a strategy to recover function of I Ks in LQTS. Indeed, our experiments on iPSC cardiomyocytes clearly show that Rottlerin dose-dependently shortens cellular repolarisation. Therefore, Rottlerin or an optimized derivative holds a potential as QTinterval correcting drug.
Abbreviations
Rottlerin is 5,7-dihydroxy-2,2-dimethyl-6-(2,4,6-trihydroxy-3-methyl-5-acetylbenzyl)-8-cinnamoyl-1,2-chromine. 
